Background Muscle regenerative capacity reduces during aging. Decline in the muscle stem cell (MuSC) pool is thought to be a cause of age-related muscle regeneration insufficiency. However, why the number of MuSCs decreases with age remains unclear. We previously found that the calcitonin receptor (Calcr) is expressed by MuSCs and plays a pivotal role in maintaining the MuSC pool. In this study, we examined whether Calcr is involved in the age-related decrease in MuSC number. Methods and results Calcr expression in MuSCs was assessed by immunofluorescence staining using muscle sections during postnatal growth and during aging. The role of Calcr during development, postnatal growth and adult stage was examined using mice conditionally deleted Calcr in myogenic lineage cells. To explore the significance of Calcr signaling on age-related changes in MuSC number, expression levels of endogenous Calcr ligands were examined. Immunohistological examination revealed that Calcr expression grew stronger as MuSCs became quiescent. Conditional Calcr deletion in early myogenic lineage cells did not affect the initial capacity of the MuSC pool, but promoted age-dependent MuSC loss. Expression of endogenous Calcr ligands remained unchanged with aging. Calcr expression in MuSCs, however, decreased significantly in aged muscle compared with young muscle in both mice and humans, and this reduction was accompanied by a loss of MuSCs. Conclusions Our study revealed significant reduction of Calcr in MuSCs with age, possibly leading to age-related loss of the MuSC pool. Thus, Calcr signaling could represent a promising target for preventing aging-associated muscle regeneration insufficiency.
Introduction
Adult skeletal muscle possesses a remarkable regenerative capacity. However, this high regenerative potential is known to become compromised with advancing age. Age-related defects in the regeneration process are especially prominent in the early phase of muscle regeneration [1] [2] [3] . Overall regeneration of aged muscle occurs to completion, but it requires a relatively longer time compared with young muscle [4] . Such delayed recovery from muscle injury can cause further frailty and loss of independence in the elderly affected with sarcopenia, since these patients are at increased risk of falls associated muscle damage. Muscle regeneration depends absolutely on muscle stem cells (MuSCs) called satellite cells that reside externally to the myofiber plasma membrane and beneath the basal lamina. Genetically-engineered mice whose MuSCs are ablated have been reported to display complete absence of regenerative myogenesis after muscle injury [5] [6] [7] , indicating that MuSCs are indispensable for muscle regeneration and other cells cannot compensate for loss of this stem cell population. MuSC functionality is influenced by both intrinsic and extrinsic factors during aging [8] , and which are more influential on age-related defects in muscle regeneration remains a matter of debate. On the other hand, many studies have documented age-related change in MuSC number, leading to a consensus that the MuSC pool is diminished by aging [3, [9] [10] [11] [12] [13] [14] . Decline of the MuSC pool should have substantial impact on aged muscle regeneration, because aging affects and delays, particularly in the early muscle regeneration response as described above [1] [2] [3] . However, the molecular mechanisms that contribute to the decrease in MuSC number with age are not fully understood.
In previous studies, we reported that the calcitonin receptor (Calcr) is expressed exclusively in quiescent adult MuSCs [15] [16] [17] . Adult MuSC-specific deletion of Calcr in Pax7
CreERT2/+ ::Calcr flox/flox mice led to a reduction of the MuSC pool and a subsequent defect in muscle regeneration from cardiotoxin-induced injury [17] . Therefore, Calcr is necessary for maintenance of an adequate adult MuSC pool to enable successful muscle regeneration. In this study, we examined whether Calcr is involved in the age-related change in MuSC number. We found that the expression level of Calcr increases as MuSCs mature and become quiescent. Conditional deletion of Calcr in early myogenic lineage cells did not affect the emergence of adult MuSCs, but accelerated the age-related decrease in MuSC number. Furthermore, we showed that the expression of Calcr declines markedly in MuSCs from both aged mice and humans. Thus, our study reveals a specific requirement for Calcr in the maintenance of adult-stage MuSCs and suggests that a reduced expression of Calcr contributes to aging-associated loss of the MuSC pool.
Methods

Mice
All procedures using experimental animals were approved by the Experimental Animal Care and Use Committee at Osaka University, Tokyo Metropolitan Institute of Gerontology (TMIG), and National Center for Geriatrics and Gerontology (NCGG). C57BL/6 mice over 24-month-old were provided by TMIG and the Aging Farm of NCGG, and pregnant and young (2-to 3-month-old) C57BL/6 mice were purchased from Japan SLC. Myf5 Cre mice were purchased from Jackson Laboratories [18] , and were crossed with Calcr flox/flox mice [17] 
to generate Myf5
Cre :Calcr flox/flox mice.
Cell preparation and FACS
Hind limb muscles were excised and transferred into phosphate-buffered saline (PBS). Nerves, blood vessels, tendons, and fat tissues were carefully removed. Trimmed muscles were minced and digested with 0.2% type II collagenase (Worthington) for 60 min at 37 °C. Digested muscles were passed through an 18-gauge needle several times and further digested for 20 min at 37 °C. Muscle slurries were filtered successively through 100-m and 40-m cell strainers (BD Bioscience). Erythrocytes were eliminated by treating the cells with Tris-buffered 0.8% NH 4 Cl. Cells were resuspended in washing buffer consisting of PBS containing 2.5% fetal bovine serum and stained for 30 min at 4 °C with the following antibodies: biotin-conjugated rat anti-MuSCs (clone SM/C-2. 
CD45
-cells were isolated by sorting as being MuSCs.
RNA extraction and real-time polymerase chain reaction
Total RNA was extracted from freshly sorted MuSCs by using a RNeasy Micro Kit (Qiagen). The same amount of RNA from each sample was reverse transcribed into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). Real-time quantitative polymerase chain reaction was performed on a Thermal Cycler Dice Real Time System (Takara) with SYBR Premix Ex Taq (Takara) under the following cycling conditions: 94 °C for 30 sec, followed by 40 cycles of amplification (94 °C for 5 sec, 60 °C for 20 sec and 72 °C for 12 sec) and dissociation curve analysis. The specific primer sequences used are given in supporting information Table 1 .
Histochemistry and microscopy
Small fragments of aged skeletal muscle were obtained from the rectus abdominis of four women (62-, 65-, 70-and 82-years-old) and three men (70-, 71-and 72-years-old) at NCGG. Small pieces of young muscle were obtained from the rectus abdominis of one woman (23-years-old), from the vastus medialis of one woman (40-years-old) at NCGG, and from the gluteus medius of two men (40-and 41-years-old) at Fujita Health University. Muscle biopsying of patients was approved by the ethical committee of NCGG and Fujita Health University, and written informed consent was obtained from each patient prior to the procedure. Samples were immediately frozen in isopentane cooled with liquid nitrogen.
Frozen muscle tissues of humans and mice were sectioned (7-m thick) using a cryostat (Leica Microsystems), and then fixed with 4% paraformaldehyde for 5 min. Specimens were blocked with protein-block serum-free reagent (Dako) for 10 min and then incubated at 4 °C overnight with the following antibodies: rabbit anti-mouse Calcr (1:100; AbDSerotec); rabbit anti-human Calcr (1:100; MBL); sheep anti-M-cadherin (1:50; R&D Systems); rat anti-mouse laminin 2 (clone 4H8-2; 1:100; Enzo Life Sciences); chicken anti-human laminin (1:100; LSBio); Alexa Fluor 647-conjugated rat anti-Ki67 (1:100; BioLegend); or mouse anti-Pax7 (1:2; DSHB). After washing, secondary staining was performed for 1h RT with the following antibodies: Cy3-conjugated donkey anti-rabbit IgG (1:1,000; Jackson ImmunoResearch); CF488A-conjugated donkey anti-sheep IgG (1:1,000; BIOTIUM); Alexa Fluor 647-conjugated chicken anti-rat IgG (1:1,000; Thermo Fisher Scientific); Alexa Fluor 488-conjugated donkey anti-rat IgG (1:1,000; Jackson ImmunoResearch); Alexa Fluor 647-conjugated donkey anti-chick IgG (1:1,000; Jackson ImmunoResearch); or Cy3-conjugated donkey anti-mouse IgG (1:1,000; Jackson ImmunoResearch). Specimens were counterstained with DAPI (Dojindo) and mounted with SlowFade Gold antifade reagent (Thermo Fisher Scientific). Stained tissues were photographed using a fluorescence microscope BX50 (Olympus) equipped with a DP70 CCD camera (Olympus). Confocal images were taken using the confocal laser scanning microscope system LSM700 (Carl Zeiss) or TCS SP8 (Leica Microsystems). Tiled images of muscle sections were captured using a fluorescence microscope BZ-X710 (Keyence) and quantification of cross-sectional area was performed using Hybrid Cell Count software (Keyence).
Statistical Analysis
The significance of the difference between two groups was assessed by Student's t-test. One-way analysis of variance (ANOVA) followed by Dunnett's test or linear trend test was used for comparisons of more than two groups. P values of < 0.05 were considered statistically significant.
Results
Expression of calcitonin receptor in muscle stem cells during postnatal muscle growth
We previously reported that Calcr is expressed exclusively by quiescent MuSCs of adult skeletal muscle [15] [16] [17] . In contrast to their behavior in adult muscle, MuSCs actively proliferate and contribute to myofiber growth during postnatal development. To examine the expression of Calcr during postnatal muscle development, we freshly isolated MuSCs from the hind limb muscles of mice at the ages of 1, 2, 3 and 8 weeks by fluorescence activated cell sorting (FACS), and quantified Calcr expression by real time qPCR. Calcr mRNA expression increased gradually until 3 weeks and then substantially at 8 weeks (Fig. 1A) . Next, we examined the expression of Calcr protein in MuSCs in frozen muscle sections by immunofluorescent staining for Calcr and M-cadherin (Mcad: a marker of MuSCs). Calcr was expressed in 55% of MuSCs at 1 week and in over 90% at 2 weeks (Fig. 1B, C) . Meanwhile, the ratio of Ki67(+) proliferating MuSCs decreased gradually from 85% at 1 week to 16% at 6 weeks (Fig. 1B, D) . We investigated the relationship between Calcr and Ki67 expression in MuSCs and found that many MuSCs were Calcr(-) at 1 week and most of them were Ki67(+) (Fig.  1E : gray bars). After 2 weeks, more than 90% of MuSCs became positive for Calcr and Calcr(+) MuSCs gradually lost Ki67 expression, with Calcr(+)Ki67(-) cells eventually becoming the major population at 6 weeks, indicating that they were entering the quiescent state ( Fig. 1E : orange bars). Although a certain number of MuSCs were Calcr(+)Ki67(+) at 1-2 weeks (Fig. 1E : blue bars), the expression of Calcr was significantly weak in Ki67(+) MuSCs (Fig. 1B: 1-2w) . Thus, expression levels of Calcr seem to be inversely correlated with proliferation. These results suggest that the increase in MuSC Calcr expression is associated with entrance into the quiescent state during the postnatal growth period.
Depletion of the calcitonin receptor accelerates age-related decreases in muscle stem cells
We previously reported that conditional deletion of Calcr in adult MuSCs results in depletion of the MuSC pool [17] . Here, we examined the role of Calcr in myogenic lineage cells prior to adulthood. We crossed Calcr-floxed mice [17] and Myf5 Cre mice [18] 
to generate Myf5
Cre ::Calcr flox/flox mice (cKO; Fig. 2A ). Calcr was deleted in myogenic lineage cells of these mice when they began to express Myf5. As shown in Fig. 2B , more than 80% of Pax7(+) MuSCs lost expression of Calcr in cKO mice at 12-weeks-old, while approximately 90% of MuSCs expressed Calcr in control mice, which was consistent with our previous studies [15, 17] . Next, we investigated the effect of Calcr deletion on the MuSC pool using FACS (Fig.  2C, D) . The deletion of Calcr in myogenic lineage cells since the developmental stage did not lead to a significant reduction in the MuSC pool until at least 6 weeks (Fig. 2D) , suggesting that Calcr is not indispensable for the maintenance of MuSCs during development and postnatal growth. This was makes sense, because expression of Calcr was not very high in infants but rose gradually as MuSCs ceased proliferating and entered the quiescent state (Fig.  1) . However, the MuSC pool of cKO mice was significantly reduced at 12 weeks compared with control mice, and the reduction was even more pronounced at 19 months (Fig. 2D) . Combined with our previous results demonstrating the loss of MuSCs in adult MuSC-specific Calcr KO mice [17] , these results reveal a specific requirement for Calcr in the maintenance of quiescent adult MuSCs.
Age-related changes in expression of the calcitonin receptor and its ligand
We previously reported that the number of MuSCs decreases with age, which contributes to insufficient regeneration of aged skeletal muscle [3] , and in this study we found a specific need for Calcr in MuSC maintenance in adults. These observations prompted us to investigate the association between the loss of MuSCs and changes in the expression of Calcr during aging. We freshly isolated MuSCs from hind limb muscles of young (2-3 months) and aged (24-28 months) mice and compared Calcr mRNA expression levels. Intriguingly, Calcr expression was significantly reduced in the MuSCs of aged mice compared with young mice (Fig. 3A) . A recent report revealed the link between Notch and Calcr signaling by demonstrating that the collagen V (COLV) upregulated by Notch signaling acts as an intrinsic ligand for Calcr in MuSCs [19] . When expression of COLV genes was examined, we found that Col5a1 and Col5a2 remained unchanged while Col5a3 expression increased substantially during aging (Fig. 3B) . We also examined other Notch target genes and found no changes in the expression of Hes1 and Hey1/Hesr1 and upregulation of HeyL/Hesr3 in the MuSCs of aged mice (Fig. 3C) . One of the major functions of Notch signaling in MuSCs is the suppression of MyoD expression [20] . We therefore examined whether or not MuSC expression of MyoD is affected by aging. As shown in Fig. 3D , expression of MyoD was unchanged in the MuSCs of aged mice compared with young mice (Fig. 3D) . Together, these results indicate that, although neither the Calcr ligand nor Notch signaling was diminished, expression of Calcr is significantly decreased in aged MuSCs.
Expression of the calcitonin receptor protein is reduced in muscle stem cells of aged mice
We next compared the expression levels of Calcr protein by immunostaining young and aged mouse muscle. Almost all MuSCs expressed Calcr in young mice while many in aged mice did not (Fig. 4A) , and quantification showed that the proportion of Calcr(-) MuSCs markedly increased in aged mice ( Fig. 4B ; red bars: young 10% versus aged 56%). Since total number of MuSCs decreases with age [3] , the absolute number of Calcr(+) MuSCs was far fewer in aged mice. These results demonstrate that the expression of Calcr declines with age in MuSCs, which accompanies the age-related decrease in the MuSC number.
The calcitonin receptor is expressed in human muscle stem cells and its reduction coincides with the age-related decrease in human muscle stem cells
To establish the clinical relevance of the results obtained from mice, we examined the expression of Calcr in human MuSCs. Frozen sections of human skeletal muscle were subjected to immunofluorescent staining for both Calcr and M-cadherin. As shown in Fig. 5A , very specific expression of Calcr was detected in M-cadherin(+) MuSCs of a young human subject, consistent with the observations made in mice. We next investigated the effect of aging on MuSC number and Calcr expression by comparing muscle samples from four young (age range, 23-to 41-years-old) and seven aged (age range, 62-to 82-years-old) individuals. Calcr was detected in almost all M-cadherin(+) MuSCs in the young human muscle, but was absent in a large number of MuSCs in the muscles of aged subjects (Fig. 5A) . We quantified both the number of MuSCs and the proportion of Calcr-positive cells and found a significant decrease in both the number of MuSCs with concomitant reduction in the proportion that were Calcr(+) in the aged human muscle ( Fig. 5B ; blue bars: young 87% versus aged 32%); therefore, aged human muscle contains a considerably smaller number of Calcr(+) MuSCs (Fig. 5B) . Taken together, our results reveal that human MuSCs also express Calcr, and that its reduction is closely correlated with the decreased number of MuSCs with age. This strongly suggests that the decline in Calcr expression could be a cause of the age-related loss of MuSCs. 
Discussion
The high regenerative capacity of skeletal muscle absolutely depends on the function of MuSCs. Insufficient regenerative response is one of the most distinctive changes characteristic of aged muscle. Several studies have reported that age-related insufficient regeneration is attributable to intrinsic deterioration of MuSCs [14, 21, 22] . Meanwhile, other reports have suggested that environmental changes in the aged muscle, rather than intrinsic changes in MuSCs, are responsible for the defective regeneration associated with advancing age [3, [23] [24] [25] [26] . Further study is needed to elucidate which factors, intrinsic or extrinsic, are more influential in age-related insufficiency of muscle regeneration. In contrast, it is widely accepted that MuSC number decreases with advancing age. In aged muscle regeneration, initial regenerative response is delayed [1] but regeneration is completed after a relatively longer period [4] . These facts imply that the initial number of MuSCs before injury (i.e., the size of MuSC pool) has a significant impact on the age-related insufficiency of muscle regeneration. However, few studies have documented the mechanism of aging-associated decline in the MuSC pool.
Basic molecular mechanisms for the steady state maintenance of MuSCs have been studied intensively in recent years. These include the transcription factor Pax7 [27] , Notch signaling [28] [29] [30] , FGF2-Spry1 signaling [13] , Ezh2 [31] , Dicer [32] , and Calcr [17] . Among these, only FGF2-Spry1 signaling has been shown to be involved in the age-related loss of MuSCs. In this study, we demonstrate a clear association between reduced Calcr expression and the age-related decline in the MuSC pool. A recent study elegantly demonstrated the link between Notch and Calcr signaling in the maintenance of MuSCs [19] . This study identified COLV as a downstream target of Notch signaling and revealed that COLV serves as endogenous ligand of Calcr, acting to maintain MuSCs. Interestingly, however, expression of Notch target genes, including COLV, was not affected by aging, indicating that Notch signaling is operative in aged MuSCs. Defects in Notch signaling lead to premature differentiation and depletion of myogenic progenitors [33, 34] , but these defects are rescued by mutations of MyoD [20] , indicating that Notch signaling plays an indispensable role in maintaining undifferentiated myogenic cells through suppression of MyoD. Sustained Notch signaling in aged MuSCs is further supported by the unchanged expression of MyoD in aged MuSCs. Chakkalakal et al. reported the upregulation of MyoD in aged MuSCs [13] but others have demonstrated that MyoD is not upregulated by aging [22, 35] . Our study is consistent with latter studies. Thus, our study revealed significant reduction of Calcr expression with no changes in MyoD expression in aged MuSCs. Because we have previously reported that Calcr signaling pushes MuSCs into the quiescent state to maintain the MuSC pool but has no impact on myogenic differentiation [17] , it is quite possible that the breakdown of quiescence elicited by the reduction of Calcr expression, and not unwanted differentiation, represents a major contributor to the decline in the MuSC pool with aging. Taken together, expression of Calcr per se, or downstream signaling of this receptor, could be promising targets to preserve MuSCs during aging (Fig. 6) .
There is also a significant difference between Notch and Calcr signaling in the developmental stage. Mice with mutations of Notch-related genes exhibit early depletion of the myogenic progenitor pool during development and the formation of small muscles that lack myogenic progenitors and satellite cells [33, 34] . Therefore, Notch signaling is required for proper development of skeletal muscle and generation of MuSCs, in addition to the maintenance of MuSCs in adults. In contrast, we showed in this study that deletion of Calcr in early myogenic cells does not affect the gross development of skeletal muscle and the generation of MuSCs. Histological analysis of Calcr expression during postnatal growth also supports the dispensability of this receptor, because Calcr expression in neonatal MuSCs is not especially high, but increases as MuSCs mature. However, Calcr deficiency in early myogenic cells significantly accelerates aging-associated MuSC loss, clearly demonstrating a specific requirement for Calcr in the maintenance of adult-stage MuSCs.
In addition to maintaining the MuSC pool in adults, Calcr plays another unique role. When it is conditionally deleted in MuSCs, these cells are not only gradually lost but are also ejected from their niche, leading to interstitial localization of some MuSCs [17] . MuSCs normally reside between the plasma membranes of myofibers and the basal lamina, a position referred to as the niche of MuSCs. Residence in their niche is thought to be essential for proper maintenance of MuSCs. Interestingly, electron microscopic study has shown that MuSCs tend to localize in the interstitial space in aged muscle [9] and we also confirmed this extra-laminar localization of aged MuSCs (Fig. S1 ). Because Calcr signaling is required for retention of MuSCs in their niche, as described above, a decrease in the Calcr expression with age may be a cause of aging-related aberrant MuSC localization.
In conclusion, we have shown that Calcr is specifically required for adult-stage maintenance of MuSCs and a strong association between its reduced expression and age-related decline of MuSCs in both mice and humans. Given the importance of Calcr signaling in maintaining the number of MuSCs and retaining them in the niche, reduction of Calcr expression could be a key factor in the diminishing of the MuSC pool with age and thereby a contributing factor to aging-associated insufficiency of muscle regeneration. Therefore, targeting Calcr or its downstream signaling could represent a promising strategy for the improving insufficient muscle regeneration associated with aging. Figure 6 . Model in which reduced Calcr expression leads to age-related loss of MuSCs Endogenous autocrine ligand of Calcr, COLV, and its upstream regulator Notch signal are not affected by age. However, expression of Calcr is decreased significantly in aged MuSCs, suggesting that changes in Calcr and its downstream signaling are responsible for age-related loss of MuSCs. Therefore, Calcr expression and its downstream signaling could be one of the promising targets for preventing age-related MuSC loss. Figure S1 Anatomical localization of MuSCs in young and aged mice TA muscle sections of young and aged mice were subjected to immunofluorescence staining for Pax7 and laminin a2. Insets show high magnification images of MuSCs. Scale bar: 50 μm. MuSCs were categorized into 3 groups based on their anatomical localization. Group 1 are MuSCs with normal localization, Group 2 are MuSCs that were partially enclosed by extra laminin, and Group 3 are MuSCs that were completely enclosed by laminin. N = 3 mice in the young group and N = 5 mice in aged group. All MuSCs in muscle sections from each group were analyzed. Error bars indicate the mean ± SD.
